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Introduction
Thermal management has become a critical issue that often slows down, or even hinders, the progress of emerging technologies in power electronics [1] [2] [3] . Increasing power densities and diminishing transistor dimensions are hallmarks of modern electronics that demand an accelerating research progress in novel materials that allow heat dissipation [1] . Passive (or phase change material) thermal management is being extensively explored by developing novel composite materials with high thermal conductivity. Among this class of materials, those based on metal matrices and diamond particles with nano-engineered interfaces are noteworthy for their excellent thermal conductivity values (see [4] [5] [6] for aluminium-matrix and [7] for Mg-matrix composite materials). Despite the main disadvantage of active (air-or liquid-cooling) thermal management sometimes needing equipment overdesign, it has proven to be advantageous to enhance heat transfer efficiency in electronic devices. For those applications, the use of foam materials in which air or cooling liquids are forced to pass through their porous structure to remove heat by convection has been extensively evaluated [8] [9] [10] [11] [12] [13] [14] [15] (research includes aluminium [9] [10] [11] and copper foams [12, 13] , among those of a metallic nature, and carbon/graphite foams [14, 15] , which have lately attracted much attention given their low density). These materials, which generally outperform similar dense material configurations [8] , must combine high solid-phase thermal conductivity to entrain heat deep into the solid structure of foam and a suitable heat transfer coefficient with the coolant in order to sweep away heat by passing fluid.
The heat transfer behaviour of several tested foams (with porosities generally over 85%) is strongly related with pore geometry characteristics [11, 16] and performs better as the number of pores lowers [10] , as does the thermal conductivity [16] . For the forthcoming generation of materials for active thermal management, it seems consequently necessary to work in two directions: i) on the one hand, we must consider denser foam materials capable of combining a high heat transfer coefficient, while maintaining sound thermal conductivity ([11] was demonstrated the good performance in the active cooling of aluminum foams with porosities within the 66-69% range); ii) on the other hand, the foamability of monolithic materials needs to move on to new complex materials based on developments of multiphase and multiscale designs with improved thermal properties.
Mg and its alloys have always been overlooked or discarded for thermal management because their thermal conductivity values are much lower than aluminium, silver or copper metals. However, a recent publication has shown that the combination of pure Mg and diamond particles coated with TiC generates composites of high thermal conductivity [7] capable of attracting candidates for passive thermal management (TiC coatings on diamond particles have also proven to enhance the metal-diamond interface thermal conductance for metals such as Al [17] and Cu [18, 19] ). Another issue that can be a disadvantage of Mg-based materials is their relatively easy degradation under corrosive environments. Nevertheless the authors of [20] , in the aim of fabricating Mg foams for bioimpants, demonstrated that a coating of magnesium oxide successfully enhances the corrosion performance of these materials.
In this paper, we produced and characterised new foam materials whose skeleton consisted of a Mg-diamond composite with a nano-dimensioned TiC interface. To manufacture these materials the replication method, traditionally used for metal foaming, was followed. A porous preform made by the compaction of a mixture of large NaCl particles that touch one another and TiC-coated small diamond particles, located at the voids of NaCl particles, was infiltrated with pure Mg. Subsequently, NaCl particles were removed by dissolution in an aqueous solution of NaOH at pH 13. The resultant materials attained high thermal conductivity values (up to 82 W/mK) and a heat dissipation capacity, which was tested on active convective cooling, that was almost two times higher than their equivalent Mg foams and twenty per cent superior to that of conventional aluminium foams.
Predictive schemes
A set of analytical models was used to predict the following items of interest: i) the volume fraction of bimodal mixtures of particles; ii) the heat thermal conductance of nanodimensoned interfaces; iii) the thermal conductivity of Mg-diamond composite foams. Details of each predictive scheme are provided below.
Volume fraction of the bimodal particle compacts
The volume fraction of the compacts conformed by particles of two different sizes of any average size ratio (bimodal mixtures) has been proved to well account for using the well-known Yu and Standish model [21] . This predictive scheme has proven to accurately fit different sets of experimental data [5, 7, 21, 22] and is described by the following equation: (1) where v is the apparent volume occupied by the unit solid volume of particles (i.e., the reciprocal of the particle packing volume fraction V) and X is the fraction of an inclusion type in the bimodal particle mixture. Subscripts c and s refer to coarse and small particles, respectively, and G is a parameter that relates to the particle size ratio, which can be accounted for with the following empirical formula [23] : (2) where R is the ratio coarse-to-small particle radius.
Thermal conductance of nanodimensioned interfaces
The thermal conductance (h) of Mg-TiC-diamond interfaces can be estimated by the following equation, derived from an electrical analogy model [7] : (3) To use Equation (3), the data in Table 1 are necessary (the qualities of the Mg metal and diamond particles used in this work are the same as those used in the cited references). Table 1 also contains information on the Mg-diamond interface, which is necessary for predictive purposes on composites that contain uncoated diamond particles.
Thermal conductivity of magnesium-diamond composite foams
The thermal conductivity of Mg-diamond composite foam materials can be predicted with the Generalised Differential Effective Medium Scheme (GDEMS), which has been applied successfully to model and interpret thermal conduction in different composite materials [5, 7, 26, 27] . The leading integral equation of the GDEMS approach for a multi-phase composite material is (4) where K is thermal conductivity and subscripts c and m refer to composite and matrix, respectively. X i is the fraction of the i inclusion type in the total amount of inclusions of the composite (in these materials we consider two types of inclusions: diamond particles (D) and pores (P); hence X D +X P =1). V is the total volume fraction of inclusions and P is the polarisation factor of an inclusion (equal to 0.33 for spheres, as modelled in this study). K r eff is the effective thermal conductivity of an inclusion which, for spherical geometries, is related to its intrinsic thermal conductivity, K r in , the matrix-inclusion interface thermal conductance h, and the radius of the inclusion r, by (5) In general, the integral on the left-hand side of Eq. (1) has no analytical solution and needs to be solved numerically with appropriate mathematical software.
Experimental procedures

Materials
High purity magnesium (>99.9 wt%) was purchased from Goodfellow Metals, Cambridge, UK, with nominal major impurities shown in Table 2 . Two sets of particles were used: diamond particles of MBD4 quality and two different average sizes of 36 m and 24 m, of a cubo-octahedral shape, purchased from Qiming (China), plus cubic NaCl particles of analytical quality (99.5% purity) acquired from Sigma-Aldrich (Riedstr, Switzerland). NaCl particles, originally of 300-400 m, were ground and sieved to obtain fractions of narrower particle size distributions, from which those within the 350-400 m range were selected. Table 3 provides the main characteristics of the powders. The SEM micrographs of the NaCl and MBD4 diamond particles are presented in Figure 1a -b.
Diamond particles were used for two conditions: i) as-received; and ii) TiC-coated. The coating was achieved by a heat treatment at 750°C of diamond particles in a salt melt with fine titanium powder (325 mesh that corresponds to an average size of about 45 m, purchased from Alfa Aesar GmBH, Germany) in an argon atmosphere [7, 28] . The salt mixture composition is given in Table 4 (all the chemicals were of analytical grade and purchased from AppliChem GmBH, Germany).
Manufacturing magnesium-diamond composite foams
The Mg-diamond composite foams were manufactured by following the replication method. This method involves the pressure infiltration of a liquid metal into the open space of a packed preform that can later be eliminated by dissolution. In the present case, the preforms were produced by packing mixtures of large NaCl particles and TiCcoated small diamond particles. The architecture of the preforms is such that NaCl particles touch one another and diamond particles are located in the voids left by NaCl particles (see Figure 1e -f for a schematic diagram of the replication method followed).
Preparation of compacts turned out to be one of the most delicate aspects of the experimental procedures. Particle mixtures were packed into graphite crucibles of 17 mm inner diameter by repeatedly adding a small amount of powder, which was compacted by alternative strokes of a falling piston and vibrations (see [22] for details of the tap-packing procedure).
A solid Mg piece was placed inside the graphite crucible on top of the packed preform.
To ensure successful infiltration, a special device was necessary, which has been recently patented for infiltrations with Mg and other liquid metals with intrinsic high vapour pressures [29, 30] . This device, which is easy to adapt to any conventional infiltration apparatus, basically consists of a saturation crucible arranged to be inverted to the graphite crucible, it covers this crucible, which forms a closed saturation chamber. Magnesium metal was molten in a vacuum atmosphere (0.1 mbar) and infiltrations were performed at a temperature of 740ºC and a pressure of 2.5 MPa (applied with Ar gas). The total liquid metal-preform contact time was about 12 min, after which the sample was directionally solidified by moving the crucible with the sample to the bottom part of the infiltration chamber, which acted as a chiller. Samples were extracted from the graphite crucible and were placed for 10 min in a magnetically stirred aqueous solution of NaOH (pH=13). With this, the NaCl particles located in the outermost regions of samples were diluted and samples became partially porous.
Samples were then fitted into rubber tubes to allow the same basic solution pressurised at 4 bar to pass through the partially porous structure of samples in order to accelerate the dissolution of the internal NaCl particles. Complete NaCl dissolution was achieved in less than 3 min.
Chemical and microstructural characterisation
The composition of the TiC coating that covered the diamond particles was studied by exposure times of 1.5 min were applied [7] ). The interface and the surface of the diamond particles were chemically analysed by an Energy-dispersive X-ray Spectroscopy (EDX) analyser coupled to the SEM microscope.
Thermal characterisation of magnesium-diamond composite foams
The thermal conductivity of the materials was measured by a relative steady-state technique in an experimental set up that was assembled at the laboratories of the University of Alicante following the ASTM E-1225-04 International Standard (see [31] for a detailed explanation). The equipment basically consists of a clamping system able to establish a thermal gradient over a sample and a reference that are in contact across their cross sections. The reference material is in contact with a brass block that in its turn is connected to a thermally stabilized hot water bath at 70 °C. The sample is connected to a water-cooled copper block at 20 °C. Reference and sample are protected with thermal insulating materials in order to insure that heat losses through radiation and/or convection are minimized. A reference of brass alloy, with a thermal conductivity at 40ºC of 120 W/mK and cylindrical geometry (diameter of around 16 mm and length of 40 mm) was used. A non-silicon heat transfer paste (HTCP, Electrotube, Leicestershire, United Kingdom) was used to insure proper thermal contact when samples were clamped in between the brass reference and the copper block. The overall uncertainty of the measured thermal conductivities was estimated to be less than ±5%.
No standardised methodology exists to test heat sinks in induced-convection active thermal management. The design of the experimental setup used herein ( Figure 2 ) was inspired by that proposed in [9] . In this device, an air flow is forced to pass through foam, which remains in contact with a hot surface so that air can take part of the heat transferred to foam by conduction and remove it by forced convection. The device is equipped with ten thermocouples located along height H (15 mm) of the sample. Five thermocouples come into contact with the sample and measure its temperature at each point. The other five thermocouples are located close to the sample, 2 mm apart from its surface, and measure the temperature of the air that leaves the interior of the foam.
There are two other thermocouples, T1 and T2, distanced at 35 mm, and located in the copper piece that leads the heat from the heating system to the sample. The heating system operates to control the temperature of the T2 thermocouple at 90ºC. The imposed air flow was regulated by a flow meter at 30 l/min of the maximum rate. The air flow regimes (in l/min) used in the present experiments were fixed at 3, 5, 7.5, 10, 15 and 20. When a specific air flow was set, the system needed about 15 minutes to reach a steady-state regime, after which different temperatures were noted. The thermal gradient in the copper reference piece can be related to the heat dissipation power density P (W/cm 2 ) of the sample by the following equation (equal heat flux through the reference and sample and negligible heat losses were assumed, provided that the reference was thermally isolated and that the reference and sample both had similar diameters): (6) K is the thermal conductivity of the reference material (in the present case, K for 99.99% copper equalled 398 W/mK) and dT/dx is the thermal gradient in the copper reference.
Results and discussion
Selection of compositions of bimodal particle mixtures
Calculations of the packing volume fraction for the combinations of NaCl and diamond particles were made with the help of Equations 1-2 for the different R parameter values (ratio of the diameters of coarse NaCl particles to small diamond particles). The results of these calculations are depicted in Figure 3a for the entire spectrum of a fraction of NaCl particles in the bimodal mixtures. The shaded area shows the region of interest in the present work. The particle systems that fell in this area were integrated by the large NaCl particles touching each other (which is essential to ensure their later dissolution) and smaller diamond particles accommodated in the voids left by the large NaCl particles. This area was delimitated by two experimental facts: i) a ratio between average particle sizes above seven is usually accepted to be the value above which small particles can accommodate in the free volume left by coarse particles [32] ; ii) the volume fraction of large NaCl particles must be above 67% to guarantee that NaCl particles come into physical contact with each other [22, 32] .
In order to ensure that the experimental deviations from ideality in particle packing did not alter the continuity of the NaCl particulate architecture, two largely superior R values 10 and 15 were selected for the purpose of our experiments (see Table 3 ). Figure   3b displays a magnification of the region of interest (the shaded region in Figure 3a) along with the experimental results measured for the combinations of NaCl particles with either the MBD4 400-500 (R=10) or MBD4 600-700 (R=15) diamond particles.
The results in Figure 3b are independent on the coating condition of the diamond particles since the TiC coating is thin enough not to significantly modify the geometry, and hence the packing efficiency, of the diamond particles. The agreement reached between the calculated and experimental results was sufficiently good to support the validity of Equations 1-2. The experimental results of Figure 3b were checked as being identical for either coated or uncoated diamond particles given the extremely narrow
TiC coatings compared to the diamond particles diameters.
TiC coating on diamond particles
According to Equation 3, the interfacial thermal conductance of Mg-TiC-diamond interfaces (h Mg-TiC-D ) can be calculated from the h values for the Mg-TiC (h Mg-TiC ) and TiC-diamond (h TiC-D ) interfaces, respectively, and the thickness and thermal conductivity of the TiC layer (calculations are plotted in Figure 4) . Figure 4 provides the value of h Mg-TiC-D obtained in [7] , which equalled 5.6910 7 W/m 2 K and corresponded to an interface with a TiC coating of low crystalline or chemical quality (with an ascribed low thermal conductivity of 18 W/mK) and a thickness of about 160
nm. Since the coating procedure used herein was the same as that followed in [7] (originally proposed in [28] ), a similar thermal conductivity of about 18 W/mK was expected for the present TiC coatings. In this scenario, it became evident that a way to improve interface thermal conductance h found in [7] for the Mg-TiC-diamond system consisted in diminishing TiC thickness as much as possible (which is the equivalent to graphically moving left along the broken line of Figure 4 ). Based on different attempts, the present work found that homogeneous TiC coatings were obtained for a thickness of about 50 nanometers. According to this experimental fact, a proper treatment time of 25 min was selected to obtain TiC coatings with a thickness of about 50 nm. By considering a thermal conductivity of 18 W/mK for the TiC phase and using Equation (3) and the data in Table 1 , the value for h Mg-TiC-D was calculated to equal 8.4310 7 W/m 2 K (which corresponded to log h = 7.92 in Figure 4 ). From these data, two main conclusions were drawn: i) the composition of the coating on the diamond particles corresponded to TiC stoichiometry; ii) the thickness of this coating was about 50 nm. Composition Ti:C 1:1 can be further checked by the XRD technique ( Figure 6 ). The pattern showed some residual unreacted Ti phase, which perfectly agreed with the observations from the AES analysis profile that the probable composition is TiCy, along with small unreacted Ti contents at the outermost region of TiC particles coating.
Magnesium-diamond composite foams
The Mg-matrix composite materials that contained NaCl and diamond particles for both the as-received and TiC-coated conditions were manufactured and characterised by measuring their density before and after NaCl particle dissolution. Figure 7 depicts the optical photographs and SEM micrographs of the Mg-diamond foams in which different items are worth mentioning.
A careful examination by scanning electron microscopy allowed us to appreciate that the porosity along the height of foams was homogeneous in all cases, which indicated no clear signs of particle segregation in the preforms. Figure 7c depicts the details of the distribution of NaCl and diamond particles before NaCl dissolution. Diamond particles were located at positions which, after NaCl particles dissolution, corresponded with the struts of the foam materials (Figure 7d ). Note that particles were homogeneously distributed in the Mg matrix and free of any visible damage (i.e. particle breaking) that could be caused by the strokes applied during the packing procedure. The magnesium metal did not show any indication of chemical corrosion, probably because the use of a basic solution for NaCl dissolution generated an oxygen-rich passivating coating on its surface, similar to those obtained by other passivation treatments [20] .
As observed in [7] for the Mg-matrix composites with diamond particles of the same MBD4 quality, no clear sign of any reaction product was noted since the formation of the two possible binary magnesium carbides, MgC 2 and Mg 2 C 3 , was endothermic and most unlikely at the present processing temperatures (740ºC) [34] . There were, however, specific noteworthy details of the chemical composition of the diamond particle surfaces. Micrographs 7g and 7h, which are close looks at the diamond-Mg interface, reveal two distinct types of precipitates, which appear on diamond surfaces: one has a branched structure and corresponds to Si; the other one appears as small spots and corresponds to Fe. These fine precipitates were also present on the TiC coating that Table 5 ) confirmed that metal saturation, defined as the amount of metal in the material divided by the amount of metal to fulfil the preform was, in all cases, within an error close to 100%. Table 5 also reports the density measurements for the foam materials (once NaCl was leached), which are in line with complete NaCl particle dissolution.
Complete NaCl removal was also confirmed by the XRD measurements taken on some randomly selected samples since no NaCl peaks in their X-ray diffraction patterns were found. Figure 8a shows the calculated thermal conductivity values for Mg-diamond composite foams in which the amount and size of diamond particles, along with the TiC coating thickness on diamond particles, varied. Calculations were made with Equations (1-9) and data are reported in Table 1 . Some important features emerge from Figure 8 . First it was noted that a larger fraction and average size of diamond particles in the foam skeleton generated higher thermal conductivity values. This was expected since thermal conductivity is strongly influenced by the characteristic length path for heat transfer in the composite, mainly determined by the average inclusion size (see Equation 5) . ´The presence of a TiC interlayer between diamond and Mg, whose thickness was as narrow as possible, was clearly necessary to overcome the thermal conductivity of the reference material (a Mg foam). The explanation is that any thermal inclusion in a matrix has to accomplish K r eff >K m , achieved for a certain minimum particle radius [35] . By taking the values of 1.4110 6 W/m 2 K and 8.4310 7 W/m 2 K for h, which corresponded to the Mgdiamond and Mg-TiC-diamond interfaces, respectively, and by using the data in Table 1 and Equation 5, the critical value for the diamond particle diameter was calculated as 248 m for the uncoated diamond particles and as 4.2 m for the TiC-coated diamond particles. Since the two types of MBD4 diamond particles used herein had diameters of 36 m and 24 m (Table 3) , only those materials that contained TiC-coated diamond particles were expected to show a thermal conductivity higher than Mg. Although this is true, it is important to realize that TiC is a low thermal conductivity phase. Hence calculations yielded the best results for the foams that contained the diamond particles coated with the thinnest TiC coating considered herein (50 nm). The highest value of thermal conductivity consequently corresponded to a foam that contained MBD4 400-500 diamond particles in the 30 vol% proportion coated with a continuous 50 nm layer of TiC. This is in line with the findings of Table 5 , where the experimental thermal conductivity values for the manufactured materials are presented. For better comparisons, the calculated and experimental values are plotted in Figure 8b . In general, an almost perfect agreement was reached between both sets of values. It seemed, however, that the experimental values displayed a slight systematic tendency (within error) to be lower than those calculated. Although the explanation for this phenomenology is not simple, it could be related to the fact that metal did not completely cover the diamond particles located at the surface of the pores (see Figure   7e ). This could mean that some of these particles behaved as inefficient thermal inclusions given a diminished metal-particle interface. Therefore, the material exhibited poorer overall thermal conductivity.
Thermal conductivity of magnesium-diamond composite foams
Thermal performance of magnesium-diamond composite foams in heat dissipation by air-forced convection
Heat dissipation performance on active convective cooling was characterised for some of the foam materials manufactured in this paper. Figure 9 shows the results for a foam sample that contained 30 vol.% MBD4 400-500 diamond particles with a TiC coating of 50 nm (sample with a thermal conductivity of 82 W/mK). The temperatures of both the material and air are seen in Figure 9a for two different air flows (3 l/min and 20 l/min).
The higher the air flow imposed, the lower the temperature of the material and that of the air evacuated from the material at any distance from the heat source. parameters; e.g., density, pore size distribution, cell connectivity, tortuosity, strut size, density and geometry, surface roughness, etc. [36] .
Further improvements to the heat dissipation performance of these materials could be made by working with coating technologies that allow thinner TiC coatings to be obtained and by optimising the manufacture conditions, which may play a key role in the formation of better thermal interfaces: temperature, contact time, applied pressure and solidification rate.
Conclusions
Novel Mg-diamond composite foams have been successfully produced by the replication method by infiltrating liquid Mg into preforms made up of large (360 m)
NaCl particles that touch one another and small (either 24 or 46 mm) diamond particles located in the voids left by NaCl particles. Since the presence of diamond is not a sufficient condition to increase the thermal conductivity of Mg, due to small particle 
